Capacity Model for Signalized Intersection under the Impact of Upstream Short Lane  by Zhao, Jing et al.
 Procedia - Social and Behavioral Sciences  96 ( 2013 )  1745 – 1754 
1877-0428 © 2013 The Authors. Published by Elsevier Ltd. Open access under CC BY-NC-ND license.
Selection and peer-review under responsibility of Chinese Overseas Transportation Association (COTA).
doi: 10.1016/j.sbspro.2013.08.199 
ScienceDirect
13th COTA International Conference of Transportation Professionals (CICTP 2013) 
Capacity Model for Signalized Intersection under the Impact of 
Upstream Short Lane 
Jing ZHAOa, Meiping YUNb*, Xiaoguang YANGc 
a,b,cThe Key Laboratory of Road and Traffic Engineering, Ministry of Education,  201804, P.R.China 
Abstract 
In Highway Capacity Manual (HCM) 2010, various factors were considered to adjust the base saturation flow rate for 
capacity analysis of signalized intersections. However, impacts of short lane were only addressed by the adjustment for lane 
utilization based on deterministic analysis. Such analysis does not consider potential queue overflow and blockage resulted 
from short lane. This paper presented a theoretical model for estimating lane group capacity at signalized intersections with 
consideration of upstream short lane effects based on probability theory. Three scenarios of signal phase sequences were 
taken into account, reflecting the relationship between movement that may cause blockage and movement that may be 
blocked. The proposed model was validated by VISSIM simulation. Results of extensive analysis showed that the upstream 
short lane may have a substantial impact on capacity: the capacity is positively correlated with effective green time length and 
negatively correlated with short lane length. Among the three scenarios of phase sequence plans, the worst one causing the 
largest decrease in lane group capacity is phase sequence case 2 (the movement that may cause blockage follows the 
movement that may be blocked). It is shown that there is an optimal cycle length to obtain maximum capacity when upstream 
short lane exists. 
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1. Introduction 
Short lane is the lane with limited length which cannot be regarded as an independent lane as a full lane, 
exclusive lane or unlimited length lane. It widely exits in road widening intersections. Although increasing the 
number of lanes at an approach can increase capacity of signalized intersection, these additional short lanes may 
not function as full lanes. Due to the limited length of short lane, it is potential to generate queue blockages for 
* Corresponding author. Tel.: 13916850501.  
E-mail address: yunmp@tongji.edu.cn 
Available online at www.sciencedirect.com
 2013 The Authors. Published by Elsevier Ltd. Open access under CC BY-NC-ND license.
election and pee -r view under responsibility of Chinese Overs as Transportation Ass ci  (COTA).
1746   Jing Zhao et al. /  Procedia - Social and Behavioral Sciences  96 ( 2013 )  1745 – 1754 
road widening intersections. Therefore, the minimal length of short lane is stated in many design manuals (JSCE, 
1989; TAC, 1999; Yang, 2003; FGSV, 2006; AASHTO, 2011). But with increasing demand of traffic flow, the 
phenomenon that called short lane domino effect becomes more common. It is essential to estimate the impact of 
short lane on capacity. 
In HCM2010 (2010) and CCG (2008), many works have been done to establish the adjustment factors of 
signalized intersection capacity, which include lane width, heavy vehicles, grade, parking conditions, local bus 
blockage, type of area, lane utilization, right turns, left turns and pedestrian-bicycle blockage. However, the 
guidance on how to account for impacts of short lane adds or drops was only addressed by the adjustment for lane 
utilization. The negative effects of the potential queue overflow and blockage resulted from short lane is ignored. 
As a result, adopting HCM2010 model to estimate capacity of intersections with short lanes, the result will be 
higher than the actual capacity. 
Different from HCM2010, some researches adjusted short lane impacts by fixed values based on deterministic 
analysis, such as Guell (1983), Australia (1988), Wu (2005) and Jiang (2007). However, the short lane domino 
effect is not inevitable. It is a synthetic effect of geometric conditions, traffic conditions and signalization 
conditions. Although the blockage caused by the short lane is taken into consideration in these methods, the 
probability of the queue overflow blockage were ignored. 
In recent years, some probability analysis models for short lanes were proposed (Cheng, 2002; Tian & Wu, 
2006; Wu, 2007). In these models, the relationship between the length of the short lane and the possibility of 
queue overflows has been taken into consideration. However, these methods also have some disadvantages, such 
as: (a) ignoring the effect of the phase sequence plan: different probability and occurring time of queue blockages 
due to the short lane will be resulted from various phase sequence plan, which is ignored in many studies before; 
(b) ignoring the interaction among movements at the approach: it is assumed that the exclusive left or right turn 
short lane would be blocked by the through movement vehicles, but actually, the saturation flow rate of through 
movement would also be effected by the left turn queue overflow which depends on the volumes and phase 
sequence plan of the two movements; (c) ignoring the effect of vehicle arrival distribution: since the probability 
theory is used in these studies, the vehicle arrival distribution may impose the short lane effect. 
In order to estimate the effect of upstream short lane on the capacity of signalized intersection, the authors 
proposed a theoretical model considering all of the three cases of signal phase sequence, which reflects the 
relationship between the movement that may cause the blockage and the movement that may be blocked. In 
addition, several kinds of vehicle arrival distribution were taken into account. 
The rest of the paper is organized as follows. In Section 2, qualitative analysis of short lane effect on 
signalized intersection capacity and the notation adopted in this paper is firstly described. The formulation of the 
lane group capacity with the effect of upstream short lane is proposed in Section 3. Section 4 is validation of the 
formulation VISSIM simulation in. Sensitivity analysis of short lane length, effective green time, phase sequence 
plans and cycle length on the capacity of signalized intersection is discussed in Section 5. Conclusions and 
recommendations are given at the end of the paper. 
2. Qualitative analysis and general notation 
The impact of upstream short lane on capacity of signalized intersection includes following two aspects:  
(1) The short lane results in fluctuation of the saturation flow rate of approaches. After the clearance of the 
maximum queue length of the short lane with saturation flow rate at the stop-line, the traffic flow has to pass with 
the maximum arrival rate of the road non-widened section. These two saturation different flow rates result in a 
non-uniform traffic flow. 
(2) The short lane results in the queue blockage. The effect of traffic blockage at the short lane on the capacity 
varies from different types of phase sequence plans, which can be concluded as three cases, as Table 1 illustrated. 
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Table 1. Qualitative analysis of the impact of short lane on capacity under different phase sequence plans 
Phase sequence plans Time blockage may occur 
Case 1: movement B follows movement A At the middle or end of the green time of movement B 
Case 2: movement A follows movement B During all the green time of traffic flow B 
Case 3: both movements fully overlap At the middle or end of the red time of movement A 
Note: movement A and B are defined as the movement that may cause the blockage and the movement that may be blocked respectively. 
 
The symbols and parameters used in the model are listed in Table 2. 
Table 2. Symbols and parameters 
c capacity of lane group with the consideration of short lane (veh/h) 
c1 capacity of lane group without the consideration of queue overflow caused by short lane (veh/h) 
c2 capacity of lane group when the blockage occurs (veh/h) 
C cycle length (s) 
ge effective green time for the lane group (s) 
gAe effective green time for movement A (s) 
gBe effective green time for movement B (s) 
hd space headway for queuing vehicles (m) 
L length of the short lane (m) 
N number of queuing vehicle the short lane could accommodate 
Pt probability of queue blockage 
P (xt=i) probability of the number of vehicles arrived equals to i at the time t  
qA arrival rate of the movement that may cause the blockage (veh/s) 
qM arrival rate of the approach (veh/s) 
 duration of the time from the start of the red for movement A to the start of the green for movement B (s) 
s1 saturation flow rate for subject lane group without the consideration of short lane (veh/h) 
s2 maximum arrival rate of the road non-widened section (veh/h) 
s3 saturation flow rate when the blockage occurs (veh/h) 
t the time blockage occurs (s) 
Tm maximum queue clearance time (s) 
v desired speed (m/s) 
xt number of vehicles arrived for the movement that may cause the blockage at the time t 
y the ratio of arrival rate of the movement that may cause the blockage over the arrival rate of the approach 
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3. Impact of upstream short lane on capacity 
3.1. Capacity model without consideration of queue blockage 
As Fig. 1 shown, without consideration of queue overflow, the upstream short lane would only cause a 
fluctuation of the saturation flow rate of approaches. 
 
 
Fig. 1. Saturation flow rate without the consideration of queue blockage 
When the effective green time is shorter than the maximum queue clearance time, the flow rate of the lane 
group is equal to the saturation flow rate, s1, during all effective green time and the upstream short lane has no 
effect on the lane group capacity. The capacity of a given lane group may be stated as shown in Equation (1). 
Since many works have been done to estimate the saturation flow rate for subject lane group without 
consideration of upstream short lane, s1, instead of discussed in detail, it is assumed to be an input parameter of 
the model.  
1 1 ,e e m
gc s g T
C
  (1) 
When the effective green time is longer than the maximum queue clearance time, the flow rate of the lane 
group is equal to the saturation flow rate s1 during the maximum queue clearance time, and it is equal to the 
maximum arrival rate of the road non-widened section s2 during the rest of the effective green time. The capacity 
of a given lane group may be stated as shown in Equation (2). 
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  (2) 
The maximum queue clearance time is equal to the time for clearing the stopped vehicles in the short lane, 
which could be computed using Equation (3). 
1
3600
m
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s h
  (3) 
3.2. Probability of queue blockage 
The probability of blockage at the time t equals to the probability that the number of vehicles arrived at the 
time t is more than the maximum number of queuing vehicle the short lane could accommodate, which could be 
computed using Equation (4). Fig. 2 shows the relationship between the probability of queue blockage and the 
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vehicle arrival rate under three types of vehicle arrival distributing which includes the poisson distribution, 
binomial and negative binomial distribution. 
'( ) (1 )
i
t j j i j
t i
i N j N
P P x i C y y   (4) 
A
M
qy
q
  (5) 
 
Fig. 2. Probability of queue blockage 
3.3. Capacity model with consideration of queue blockage 
As Fig. 3 shows, when the blockage occurs, fewer lanes could be used and then the saturated flow rate of 
movement B (the blocked movement) will be decreased. The influence extent is related to the effective green 
time ge, the maximum queue clearance time Tm, and the types of phase sequence plans. The following is the 
capacity calculation model analysis for movement B (the blocked movement) under the three cases of phase 
sequence plans listed in Table 1. 
 
 
Fig. 3. Saturation flow rate without consideration of queue overflow 
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1) Case 1: movement B follows movement A 
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t
Movement B
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s1 s2 s3/ /Saturation flow rate 
of movement B
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Fig. 4.  Saturation flow rate during different periods of a signal cycle with the consideration of queue blockage (Case 1) 
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  Case 2: movement A follows movement B 
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Fig. 5. Saturation flow rate during different periods of a signal cycle with the consideration of queue blockage (Case 2) 
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Case 3: both movements fully overlap 
Movement A
t
Movement B
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s1 s3s2 /Saturation flow rate 
of movement B
effective green time effective red time  
Fig. 6. Saturation flow rate during different periods of a signal cycle with the consideration of queue blockage (Case 3) 
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3.4. Capacity model with consideration of the short lane 
According to what has been discussed, the capacity of the lane group with the consideration of the short lane 
should equal to the sum of the products of the capacity when blockage doesn t occur and the inverse probability 
of queue blockage and the capacity when blockage occurs and the probability of queue blockage, which can then 
be obtained by equation (9). 
1 2c P c P c   (9) 
4. Model validation 
The influence of the short lane on the capacity of signal intersection is composed with three sub-models: (1) 
the capacity without the consideration of queue blockage; (2) probability of blockage; (3) the capacity with the 
consideration of queue blockage. The simulation package VISSIM was used to simulate the stochastic variation 
of traffic flow and validate the accuracy of the proposed models. Table 3 summarized the data inputs. 
Table 3. Input data 
Input data Value 
cycle length (C) 60 (s), 90 (s), 120 (s) 
effective green time (ge) 0-40 (s) 
saturation flow rate for subject lane group without the consideration of short lane (s1) 3600 (veh/h) 
maximum arrival rate of the road non-widened section (s2) 1800 (veh/h) 
saturation flow rate when the blockage occurs (s3) 0 (veh/h) 
the length of short lane (L) 60 (m) 
vehicle arrival distribution Poisson distribution 
the ratio of arrival rate of the movement that may cause the blockage over the arrival rate of the approach (y) 60% 
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Input data Value 
the desired speed (v) 12.5 (m/s) 
space headway for queuing vehicles (hd) 7 (m) 
vehicle type personal car 
 
Fig. 7, 8 and 9 shows the validation results of the sub-model (1), (2) and (3) respectively. Compared with the 
proposed model calculation results and simulation results, it can be calculated that the average error is 2.3%, 
5.6% and 3.4% respectively. 
 
Fig. 7. Validation of model (1) 
  
Fig. 8. Validation of model (2)                                                     Fig. 9. Validation of model (3) 
5. Sensitivity analysis 
In this section, the effect of upstream short lane on the capacity of the lane group is evaluated based on 
numerical analysis. Except for further description, the cycle length is set to 120 (s); the effective green times for 
movement A and movement B are set to 40 (s); the arrival rate of the approach is set to 1000 (veh/s); the ratio of 
arrival rate of the movement that may cause the blockage over the arrival rate of the approach is set to 0.6; 
saturation flow rate for subject lane group without the consideration of short lane is set to 3600 (veh/h); 
maximum arrival rate of the road non-widened section is set to 2160 (veh/h); saturation flow rate when the 
blockage occurs is set to 1600 (veh/h); and the space headway for queuing vehicles is set to 7 (m) 
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Fig. 10(a) shows the relationship between capacity and the arrival rate of vehicles under the three cases of 
phase sequence plan listed in Table 2. It is illustrated when the phase sequence plan is case 1 or case 3, there is a 
slight decrease in capacity with the increase of vehicle arrival rate. When the phase sequence plan is case 2, there 
is a significant decrease with the increase of vehicle arrival rate. So, for phase sequence plan case 2, the arrival 
rate of vehicles is a crucial factor to capacity. 
Fig. 10(b) shows the relationship between the capacity and short lane length. It is illustrated that with the 
increase in the short lane length, there is an upward trend in capacity. So, the effect of upstream short lane on 
capacity has an inverse correlation with the short lane length. Moreover, when the length of the short lane is 
short, there is a great difference in capacity under three cases of phase sequence plan. The phase sequence plan 
case 2 would cause a more significant effect on lane group capacity. When the length of a short lane reaches a 
certain value (about 100m), capacity in three cases of phase sequence plan is nearly same. 
Fig. 10(c) shows the relationship between the capacity and the effective green time. It is illustrated that with 
the increase in effective green time, the upward trend in capacity becomes slower. So, the effect of upstream 
short lane on capacity has a correlation with the effective green time. 
Fig. 10(d) shows the relationship between the capacity and the cycle length. With the consideration of the 
existence of short lane, the capacity does not always go up with cycle length as it usual does. There is an optimal 
cycle length for the capacity 
 
(a) Impact of arrival rate on capacity                                    (b) Impact of the length of short lane on capacity 
 
(c) Impact of effective green time on capacity                                (d) Impact of cycle length on capacity 
Fig. 10. Sensitivity analysis results 
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6. Conclusions 
This paper presented a theoretical model for estimating lane group capacity considering the impact of short 
lane based on the analysis of probability of queue blockage under three phase sequence plan cases. Extensive 
numerical analysis was conducted to evaluate impact of several critical factors, such as arrival rate, short lane 
length, effective green time, and cycle length. This research leads to the following conclusions. 
1) The upstream short lane may have a substantial impact on capacity, which positively related with effective 
green time and negatively related with the short lane length. For good operation purpose, the short lane length 
should generally be no less than 100m.  
2) The impact of short lane on capacity is sensitive to phase sequence plan. Among the three cases of phase 
sequence plans, case 2 (the movement causing the blockage follows the movement that may be blocked) would 
cause a more significant impact on lane group capacity. 
3) With consideration of short lane, there may exist an optimal cycle length for maximum capacity. 
Some factors in the model are closely related with driver behavior and local traffic condition, such as basic 
saturation flow rate, space headway for queuing vehicles, vehicle arrival distribution, and so forth. However, they 
were not discussed in the model. For application in the practice, they should be calibrated for local traffic 
condition. 
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